This study aimed to define a gene expression profile associated with response to anti-estrogen treatment in estrogen receptor a (ERa)-positive breast cancer from elderly patients and to identify possible candidate genes associated with resistance by detecting those modulated by treatment. Using cDNA microarrays containing 16 702 unique clones, 21 pre-treatment and 11 paired posttreatment samples collected in a neo-adjuvant toremifene trial on elderly patients with operable and locally advanced ERa-positive breast cancer were profiled. Gene expression profiles generated from pre-treatment samples were correlated with treatment-induced tumor shrinkage and compared with those obtained from post-treatment paired samples to define genes differentially modulated following anti-estrogen treatment. Correlation analysis on 21 pre-treatment samples highlighted 53 genes significantly related to treatment response (P!0.001). Genes involved in cell cycle and proliferation were more frequently upregulated in responders compared with nonresponders. Class comparison analysis identified 101 genes significantly modulated independently of treatment response; 82 genes were modulated in non-responders, whereas only 8 genes were differently expressed after treatment in responders. Gene expression profiles appear to be more frequently modulated by anti-estrogen treatment in non-responding patients and may harbor interesting genes possibly involved in anti-estrogen resistance, including clusterin, MAPK6, and MMP2. This concept was corroborated by in vitro studies showing that silencing of CLU restored toremifene sensitivity in the ER anti-estrogen-resistant breast cancer cell line T47D. Integration between neo-adjuvant therapy and transcriptional profiling has therefore the potential to identify therapeutic targets to be challenged for overcoming treatment resistance.
Introduction
The use of hormonal therapy has significantly contributed to the general reduction in breast cancer mortality achieved in the last decade (Peto et al. 2000) . Classical anti-estrogen therapies act by blocking or downregulating the estrogen receptor (ER) and represent the first example of biologically targeted therapy in this tumor type. However, ER transcriptional effects are not simply determined by the ligand, and ER activity is regulated through complex interactions with multiple cell signaling pathways (Razandi et al. 2003 , Stoica et al. 2003 .
Neo-adjuvant trials represent a tool for investigating biological markers associated with treatment response as well as those modulated by the treatment, thus giving clues for understanding mechanisms involved in clinical resistance. The combination of this approach with genomic expression profiling could provide an opportunity to identify molecular signatures associated and/or predictive of treatment response.
Preliminary data eliciting molecular signatures associated with clinical outcome following endocrine treatment are already available in the metastatic and adjuvant settings (Ma et al. 2004 , Paik et al. 2004 , Jansen et al. 2005 .
We exploited a neo-adjuvant trial recently concluded in our institution, originally planned to evaluate the predictive role of ER-b on response to the anti-estrogen toremifene (Cappelletti et al. 2004) , to investigate the molecular signatures associated with tumor shrinkage on pre-treatment samples and to identify changes in gene expression pattern in post-treatment samples compared with pretreatment one.
We report here a gene signature associated with response to treatment and a distinct set of genes modulated by treatment, which might be involved in anti-estrogen resistance mechanisms. The latter include genes already known to be involved in mechanisms of resistance to anti-estrogens, such as MPK6 and MMP2, and a new candidate CLU (clusterin). A validation in an experimental model is reported for one of the candidate genes, CLU. We demonstrated that toremifene treatment upregulated CLU expression and that silencing of CLU restored sensitivity to the anti-estrogen in an ERCantiestrogen-resistant breast cancer cell line.
This suggests that the integration between neoadjuvant therapy and transcriptional profiling has the potential to identify therapeutic targets to be challenged to overcome treatment resistance.
Patients and methods

Patients, tissue samples, and study design
This study employed leftover samples obtained from a prospective study (Cappelletti et al. 2004) in which women aged 65 years or older with operable or locally advanced ER-positive (ERC) breast cancer but previously untreated were subjected at Istituto Nazionale Tumori of Milan to pre-operative toremifene (Fareston, Shering Plough, Bulkham, Australia) at a dose of 60 mg once daily for 3 months and then underwent surgery. Pre-treatment tumor material was obtained by three to four core biopsies with a 14 gauge needle. Post-treatment tissue was sampled by the pathologist within the residual tumor at surgery.
For molecular analyses, core biopsies and surgical specimens were snap-frozen in liquid nitrogen within 30 min of removal, and stored at K80 8C; gene profile was carried out on samples containing more than 70% neoplastic cells, as assessed by hematoxylin and eosinstained sections from frozen tissue specimens.
Clinical response was evaluated as percentage of residual tumor size from baseline after 3 months of treatment (Cappelletti et al. 2004) . Patients were assigned to responder or non-responder groups according to WHO criteria except that patients with residual tumor !75 and R50% were classified as achieving minor changes and considered as responders (Geisler et al. 2001) , according to previously reported criteria to evaluate clinical response to neoadjuvant endocrine treatment. We also investigated changes of gene expression pattern in the absence of any intercurrent systemic treatment on a series of seven paired bioptic and surgical specimens from patients subjected to diagnostic biopsy followed within 3-4 weeks by radical surgery without intervening therapies.
The study has been approved by the IRB and Ethics Committee, and patients gave written informed consent to donate the leftover tissue after diagnosis to the Istituto Nazionale Tumori of Milan for the present and future research.
RNA isolation and expression profiling
Total RNA extraction from core biopsies and surgical samples, probe labeling and hybridization were performed as described previously (De Cecco et al. 2004) . Two types of slides were used: type 7 star slides (Amersham Biosciences) for the toremifene-treated cases and UltraGAPS (Corning, Lowell, MA, USA) for the control dataset. The samples and a reference RNA (Universal Human Reference RNA, Stratagene, La Jolla, CA, USA) were labeled directly with Cy3-dCTP (reference RNA) or Cy5-dCTP (sample RNA; Amersham Biosciences) and indirectly with 3DNA Submicro Expression Array Detection kit (Genisphere, Montvala, NJ, USA). Hybridizations were carried out in a hybridization station (Genomic Solutions, Ann Arbor, MI, USA), slides were scanned using the GenePix 4000B microarray scanner and quantified using GenePix Pro 5.0.1.24 (Axon Instruments, Molecular Devices, Sunnyvale, CA, USA). The RNAs were hybridized on two different cDNA microarrays containing a total of 16 702 unique clones selected from the Human sequence verified IMAGE V Cappelletti, M Gariboldi et al.: Gene expression and anti-estrogen treatment www.endocrinology-journals.org clone collection (Research Genetics/Invitrogen) and spotted in triplicate.
Quantitative real-time PCR
Total RNA isolated for the microarray analysis was used to verify the quantity of specific messengers by real-time PCR for 11 biologically or clinically relevant differentially expressed genes. RNA was reverse transcribed using the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). The samples were amplified in multiplex PCRs using one of the assays of interest labeled with FAM and the housekeeping gene GADPH labeled with VIC. Data analysis was done using the Sequence Detector version 1.9 software (Applied Biosystems, Foster City, CA, USA) and statistical analyses were performed using the R-statistical computing programing language (R development Core Team 2006). The same statistical tests employed in the gene expression experiment were used to confirm the results with quantitative real-time PCR. Relative log expression of the genes (KDC t ) was obtained subtracting the number of cycle threshold observed for the GADPH gene from that observed for the gene of interest. After 24 h, medium containing the RNA duplex and lipofectamine was replaced with Dulbecco's modified Eagle's medium/Ham's F12 (DMEM/F12) supplemented with 5% stripped FBS and cells were treated with 10 K7 M 4-OH-TOR. The cell number was determined after 3 days by direct counting of viable cells in a Burker chamber. Experiments were repeated thrice.
Western blotting
Cytosolic proteins (30 mg) were separated by SDS-PAGE and transferred onto nitrocellulose membranes that were blocked for 1 h in Dulbecco's phosphate buffered saline (DPBS) 1!, 0.1% Tween-20 with 5% non-fat dry milk and incubated with primary antibody against CLU (1:500, sc-6419; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and against b-actin (1:1000, 20-33; Sigma-Aldrich). The membranes were washed and incubated for 1 h at room temperature with peroxidaseconjugated anti-goat (Santa Cruz Biotechnology) and anti-rabbit (Amersham Biosciences Europe) secondary antibodies (1:2000) .
Signals were detected by chemiluminescence (ECL, Amersham Biosciences Europe) according to the manufacturer's instructions. The relative amounts of CLU protein were quantified by densitometric analysis and normalized with respect to b-actin signal.
Data analysis and statistics
Raw microarray images and quantifications were stored and processed in BioArray Software Environment (BASE, Lund, Sweden; Saal et al. 2002) . Poor signal quality of background-corrected Cy3 and Cy5 intensities were flagged and a lowess normalization (Yang et al. 2002) applied to each slide. Replicated spots were averaged and their log (base2) expression ratios (tumor/reference) were downloaded from BASE and imported into BRB-ArrayTools version 3.2.2 (Bethesda, MD, USA) for further analyses (Simon et al. 2007 ). All IMAGE clone annotations were updated with the latest release of NCBI Unigene (build no. 194) using SOURCE (Diehn et al. 2003) .
In the present study, we analyzed two different datasets. The first one contained 32 hybridizations and was used to evaluate: 1) gene expression patterns of pre-treatment core biopsies correlated with tumor shrinkage (as a categorical dichotomous or a continuous variable) after toremifene treatment (21 pre-treatment samples) and 2) gene expression changes in residual tumor specimens to identify molecular patterns after toremifene exposure (11 paired pre-and post-treatment samples). The second one containing 14 hybridizations, from 7 paired biopsy-surgical specimens, was used to evaluate gene expression changes in residual tumor specimens without any intercurrent local or systemic treatment.
Starting from both chips containing 8303 and 8399 clones spotted in triplicate, low-quality spots (filtering criteria are described in the web Supplementary Material, which can be viewed online at http://erc. endocrinology-journals.org/supplemental/) from both datasets were flagged (set to missing value) and subsequently filtered to contain no more than 20% missing values for each clone, which reduced the first dataset to 12 784 clones and the second one to 4205 clones. Genes whose expression was significantly correlated with treatment response where identified by computing a statistical significance level for each gene by testing the hypothesis that Spearman's correlation between gene expression and tumor shrinkage was zero. Class comparisons were performed using random-variance t-tests ; paired when applicable).
In all analyses, genes were considered statistically significant if their P value was !0.001. The probability of finding a given number of genes below this threshold by chance was tested by repeated analysis on permutated class labels .
Prior to the functional annotation of the lists using SOURCE (Diehn et al. 2003) , DAVID (Dennis et al. 2003) , and data from PubMed, clones with no gene symbols assigned to them by means of Unigene were mapped to the UCSC Human Genome using BLAT (Kent 2002 , Karolchik et al. 2003 .
Hierarchical clustering of samples and genes was done using the 1-Pearson correlation as distance and average linkage method.
All protocols, expression data, sample description, the list of annotated genes, and the microarray data in a format that conforms to the Minimum Information About a Microarray Gene Experiment (MIAME) guidelines of the Microarray Gene Expression Data Society (MGED) are available at http://pierotti.group. ifom-ieo-campus.it/suppl/br_tor.html. Microarray data have been deposited to the EBI ArrayExpress.
Results
Pre-treatment gene profiles
Individual clinicopathological and biological tumor features of the 21 patients included in this study are reported in Table 1 . Tumors were clinically classified as T 2 (90%), node-negative (62%), and PgR-positive (71%), and the clinical response (i.e., tumor shrinkage R25%) was achieved in 67% of patients. Patients were comparable for clinicopathological and biological findings to the original subset of 38 toremifene-treated patients entered a prospective study adequately statistically sized to evaluate the predictive role of ER-b expression (Cappelletti et al. 2004 ) whose leftover biological samples were used for the present study. Initial class comparison results of clinical response considered as a binary variable (i.e., responders versus non-responders) identified only 15 genes at the 0.001 level with a high probability of finding such a number by chance (PZ0.153). Thereafter, when clinical response was considered as a continuous variable defined as percent tumor shrinkage (Table 1) , 53 genes ( Fig. 1) , either positively (32) or negatively (21) correlated with tumor reduction (P!0.001), were identified (PZ0.0024 of finding 53 genes at 0.001 level by chance). Functional analysis (excluding unknown reporters) showed that they were mainly involved in cell cycle and proliferation (19.4%), signal transduction (16.7%), nucleic acid processing/transcription (16.7%), and membrane solute transport (13.9%). We also identified some genes involved in protein transport/metabolism (11.1%), immune response (5.5%), and cell adhesion/ cytoskeleton (2.8%), and 17 genes (32.1%) had unknown function. In Table 2 , the list of known genes associated with response is reported as subdividing genes according to biological function.
Genes involved in cell proliferation were more frequently upregulated in responding patients than in resistant ones (26.3% vs 11.8%) and included MOBK1B, DYRK2, RUNX3, BMI1, and GSPT1. So were also genes involved in membrane solute transport (including members of the solute carrier family as SLC11A2, SLCO3A1, SLC27A1, and ABCA5, belonging to ATP-binding cassette transporter family). Conversely, genes involved in nucleic acid processing, including zinc finger proteins (LOC90379, ZNF558, and PIAIS1) and helicases (SBNO1), were more frequently upregulated in non-responders.
Treatment-modulated gene profiles
Before comparing the gene expression pattern in matched pre-and post-treatment specimens, we investigated expression profile modulation in serial paired biopsy and surgical specimens in the absence of intercurrent treatments. Unsupervised hierarchical clustering demonstrated that five out of the seven pairs had closely related transcriptional profiles. The class comparison based on paired t-test identified, at the 0.001 significance level, only two differentially expressed genes: an expressed sequence tag and TFDP1.
Unsupervised analysis of paired pre-and post-treatment specimens For 11 patients (five responders and six non-responders), paired samples before and after toremifene treatment were available. Unsupervised hierarchical cluster analysis using all available genes showed that pre-and post-treatment specimens clustered together in four out of five responding patients and in only two out of the six matched specimens from non-responding patients (Fig. 2) .
Supervised analysis of paired pre-and post-treatment specimens Class comparison results considering all paired pre-and post-treatment samples identified 101 differentially expressed genes (P!0.001) following toremifene treatment (PZ0.009 of getting at least 101 genes significant by chance), with a negligible overlap with the 53 genes associated with tumor shrinkage. Only four genes were common to the two lists: MNT, SYAP1, and FLJ90757 and an expressed sequence tag, which were all downregulated by the treatment and negatively associated with tumor reduction.
Since hierarchical clustering result suggested that gene expression before and after treatment seemed more similar in responders than in non-responders, Figure 1 Heatmap of genes correlated with response to toremifene (percentage of tumor reduction). For each gene, expression levels above the mean are shown in red and those below the mean are shown in blue. The color scale ranges from K1 (darkest blue) to C1 (darkest red). IMAGE clone identifiers and gene symbols are reported in the rows whereas the samples and their percentage of tumor reduction are reported in the columns. The gene expression matrix was mean centered and the gene expression profiles were clustered using the average linkage hierarchical clustering method and 1-Pearson correlation as the distance method. All samples (14 responders C7 non-responders) were ordered according to the tumor shrinkage. *Annotated using BLAT. (2008) 15 439-449 www.endocrinology-journals.org we speculated that many of the differentially expressed genes after treatment were in part due to the heterogeneity observed in the latter subset. As expected, the class comparison of treatment-induced expression among the responders (five patients) identified 8 differentially expressed genes (P!0.001, PZ0.3125 of observing such a number), while 82 differentially expressed genes (P!0.001, PZ0.03125 of observing such a number) were identified among non-responders (six patients).
Endocrine-Related Cancer
Within genes modulated independently of treatment outcome protein transport/metabolism, cell signaling, and nucleic acid processing/transcription were more represented, while the cell adhesion class was less represented (Table 3) . Genes coding for proteins related to cell stress response and apoptosis pathways, which were absent among the 53 genes associated with response, were also represented (8.3%).
Among genes modulated in non-responding patients, cell adhesion/cytoskeleton, nucleic acid processing/ transcription, and signal transduction emerged as the most represented functional categories Among genes modulated in all patients upregulation predominated in the cell cycle proliferation category (JUNB, S100A10, and PPARG) and slightly in the cell adhesion and cytoskeleton category (CTTN, KAL1, and MXRA8). On the contrary, in the category of protein transport/metabolism genes, downregulation (18.9%) slightly overcame upregulation (14.3%). The former included RAB27A involved in protein transport and also in small GTPase-mediated signal transduction, SYT11, RPE, TTC7L1, and ANKIB1 involved in ubiquitin-dependent protein catabolism, the mitochondrial carrier protein MCART6 and CRLS1, a synthase involved in phospholipid biosynthesis, while upregulated genes included PDZRN3 involved in protein ubiquitination, PPIG, a peptidyl-prolyl isomerase accelerating protein folding and also involved in regulation of pre-mRNA splicing, and the translation initiation factor EIF3S2, besides a mannosidase (MAN1C1) involved in glycosylation.
Among genes exclusively modulated in nonresponders upregulation of cell stress/apoptosis was more frequent and included both antiapoptotic (NCL and CLU) and pro-apoptotic (BCL2L13) genes (Table 4) . Genes related to signal transduction and cell cycle/proliferation were more frequently downregulated and included only two upregulated genes, DKK3, a negative regulator of WNT signaling and MAPK6. Furthermore, a striking upregulation (41.2%) of genes associated with cell adhesion/cytoskeleton (ITGB1, SMOC2, FBLN2, FMOD, SERPIN1, TIMP3, and MMP2) was observed. Relative percentages on known genes. 
Confirmation of gene expression data by real-time PCR
We validated cDNA microarray data by real-time PCR for eight genes differentially expressed in pre-and posttreated specimens from non-responding patients (TIMP3, MMP2, FBLN2, NLC, BCL2L13, CLU, MAPK6, and DKK3) and three genes whose expression correlated with tumor shrinkage (RUNX3, GSPT1, and DYRK2). Paired t-test and Spearman's rank correlation analysis confirmed all but one (DYRK2) of the tested genes (see Supplementary Table 1) .
Biological validation of CLU
CLU, one of the genes upregulated following treatment exclusively in the subset of non-responders (Supplementary data Table 1) , was identified as possible candidate for attempting to modulate the sensitivity to anti-estrogens in a toremifene-resistant cell line: T47D. CLU was chosen as candidate gene due to its association with survival and apoptosis (Shannon et al. 2006) . Treatment with 10 K7 M 4-OH toremifene or with the similar drug tamoxifen slightly upregulated CLU expression (Fig. 3A) . CLU expression was silenced treating the cells with an siRNA specific for cytoplasmic CLU, the form responsible for the cytoprotective effects. CLU appeared on blots as the 60 kDa precursor and an about 40 kDa protein smear comprising the two a and b dimers and their glycosylated forms. Treatment with siRNA effectively suppressed the expression of the precursor and the active forms (K75 and K95% respectively; Fig. 3B ), while no effects on protein expression were observed with the control siRNA. Treatment with 10 K7 M toremifene for 3 days did not affect cell proliferation (percentage of untreated control: 102G4% vs 100G 5%). Addition of unrelated control siRNA, which did not affect CLU expression, resulted in a slight but not a statistically significant reduction (83G14%), while treatment with the siRNA CLU-V significantly inhibited cell proliferation down to 56G0.6% (PZ0.032 with respect to siRNA ctrl).
Discussion
The combination of primary endocrine therapy with global gene profiling provides the opportunity to collect information to predict response to SERM and to identify genes involved in anti-estrogen resistance. The clinical response of the tumor can in fact be regarded as a surrogate of response to systemic treatment, and genes modulated in non-responding patients might help to identify pathways associated with resistance.
In the present study, few genes were differentially expressed between responders and non-responders confirming the difficulties in finding a reliable molecular predictor of response using a top-down approach. Limited duration of clinical treatment, which resulted in few patients achieving pCR, scanty cases available for microarray analysis, and their heterogeneity could account for this failure. We did, however, identify a gene set significantly correlated with toremifene-induced tumor shrinkage evaluated on a continuous scale in pre-operative samples, without overlapping with previously identified signatures of endocrine treatment response in the adjuvant setting (Ma et al. 2004) or in women with advanced disease (Paik et al. 2004 , Jansen et al. 2005 . Conversely, a novel contribution of our study to the relation between gene expression profile and treatment effect resides in the analysis of transcriptome changes after antiestrogen treatment. To exclude the possibility that genes differentially expressed before and after treatment could be due to surgical procedure, elapsed time or simply to some random effects, rather that to treatment itself, we verified in advance that a negligible fraction of genes (2/4205) were differentially expressed in matched biopsies and surgical specimens collected within a time lapse of 3-4 weeks and not submitted to intercurrent treatment. Investigations on gene modulation in the absence of treatment are generally underrepresented in the literature, and even studies dealing with post-treatment changes in gene expression are scanty, with only one paper reporting differentially expressing genes following anastrozole in locally advance breast cancer (Nedelcheva et al. 2005) , and few other papers investigating transcriptional profiling following docetaxel alone (Chang et al. 2003 (Chang et al. , 2005 or in combination with doxorubicin and cyclophosphamide (Hannemann et al. 2005) , or erlotinib (Yang et al. 2005) .
In our study, treatment-modulated genes appear to differ from treatment outcome-associated genes, a finding also reported with a slightly different type of analysis in the only other study investigating posttreatment changes as a function of clinical response to anastrozole (Nedelcheva et al. 2005) . These authors observed that most pre-and post-treatment tumor specimens clustered together, indirectly suggesting the existence of a set of treatment outcome-associated genes unchanged after treatment. This finding indirectly confirms and provides support to our observation of a negligible overlap between treatment response-associated and response-modulated genes. In addition, in our study treatment outcome appears to affect gene modulation, since transcriptome variations were minimal in responding patients in agreement with Chang et al. (2005) but in contrast with Hannemann et al. (2005) . However, disagreements on gene modulations according to clinical response might be due to differences in treatment type and criteria used to assess clinical/pathological response, and to the possibility that in non-responding patients a differential gene expression reflects biological differences between epithelial and stromal cells (the latter frequently increased after primary treatment). Despite such problems and potential bias due to investigating treatment-induced changes mainly in partially or nonresponding patients, we reasoned that focusing on genes exclusively modulated in non-responders could provide information on anti-estrogen resistance.
Indeed, many among the genes modulated only in non-responders are involved in the balance between pro-apoptotic and anti-apoptotic signals as well as in cell signaling from membrane receptors, which are known to play a role in the establishment of hormone resistance. This observation represents a proof of our hypothesis that genes upregulated after treatment in resistant patients may include potential therapeutic targets as well as genes representative of pathways linked to resistance. This latter concept was further supported by the fact that our data indirectly confirm in a clinical setting some experimental studies aimed at understanding the action mechanism of SERM stimulation and the role of membrane ER (Shou et al. 2004) , which associates with the scaffolding protein caveolin and activates proximal signaling molecules like G-proteins (Razandi et al. 2003) . Such a signaling results into stimulation of phospholipase C and ErbB2/ EGFR heterodimers, which lead to activation of PIrK and AKT pathway (Stoica et al. 2003) , and finally of MAPK. Specific G-proteins allow the activation of MMP able to transactivate heparin-bound EGF (Razandi et al. 2003) . In our study, toremifene affected different genes involved in G-protein-mediated signaling, including GEM, which was upregulated independently of treatment response and could play a role as a regulatory protein in receptor-mediated signal transduction. Exclusively in the non-responder subset, toremifene upregulated MMP2 and MAPK6, which were shown to be activated by estradiol following binding to the membrane receptor, a mechanism involved in anti-estrogen resistance. A validation of gene signatures obtained from this study on independent patients set was not possible due to the lack of patients treated with pre-operative anti-estrogens. We, however, attempted a biological validation of the concept that genes modulated by the treatment exclusively in the non-responding patients, may include genes involved in hormone resistance. We chose an ERC anti-estrogenresistant cell line, T47D. Treatment with anti-estrogens upregulated CLU expression in agreement with that of Warri et al. (1993) , although to a lesser extent because the anti-estrogen-resistant cell line expressed much more CLU compared with the sensitive MCF7 cells used by Warri et al. Silencing of clusterin using an siRNA specific for the cytoplasmic variant restored the sensitivity of T47D cells toward growth inhibitory effects of toremifene. Such results do not demonstrate a direct involvement of CLU in anti-estrogen-resistant mechanisms, but strongly support the concept that CLU may modulate response to anti-estrogens and represents therefore an interesting pharmaceutical target.
Overall, this study suggests that knowledge of molecular networks modulated by treatment is particularly important in view of the abundance of promising molecularly targeted inhibitors currently available as treatment options.
